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Fiberglass-epoxy composites have been considered for use as s t r u c t u r a l
The low E a r t h members f o r t h e mast o f t h e space s t a t i o n s o l a r a r r a y p a n e l . o r b i t a l environment i n which space s t a t i o n i s t o o p e r a t e i s composed m a i n l y o f atomic oxygen, which has been shown t o cause e r o s i o n of many o r g a n i c m a t e r i a l s and some metals. Ground based t e s t i n g i n a plasma asher was performed i n o r d e r t o determine t h e e x t e n t o f d e g r a d a t i o n o f fi berglass-epoxy composites when exposed t o a s i m u l a t e d atomic oxygen environment. epoxy a t the s u r f a c e of t h e composite was o x i d i z e d , exposing i n d i v i d u a l g l a s s f i b e r s which c o u l d e a s i l y be removed. Several methods of p r o t e c t i n g t h e comp o s i t e were e v a l u a t e d i n an atomic oxygen environment and w i t h thermal c y c l t n g and f l e x i n g .
The p r o t e c t i o n techniques e v a l u a t e d t o d a t e i n c l u d e an aluminum b r a i d covering, an i n d i u m -t i n e u t e c t i c , and a s i l i c o n e based p a i n t . The open aluminum b r a i d o f f e r e d 1 i t t l e p r o t e c t i o n w h i l e t h e CV-1144 c o a t i n g o f f e r e d some i n i t i a l p r o t e c t i o n a g a i n s t atomic oxygen. The In-Sn e u t e c t i c c o a t i n g p r o v i d e d i n i t i a l p r o t e c t i o n a g a i n s t atomic oxygen, b u t appears t o develop cracks which a c c e l e r a t e degradation by atomic oxygen when f l e x e d . Coatings such as t h e In-Sn e u t e c t i c may p r o v i d e adequate p r o t e c t i o n by c o n t a i n i n g t h e g l a s s f i b e r s even though mass loss s t i l l o c c u r s . D u r i n g exposure, t h e INTRODUCTION
One o f t h e major power components of t h e space s t a t i o n i s t h e p h o t o v o lt a i c power module C11. The s o l a r a r r a y assembly, which i s one component o f t h e module, c o n t a i n s (1) a p a i r o f p o l y i m i d e (Kaptono) s o l a r a r r a y b l a n k e t s which p r o v i d e s t r u c t u r a l support for t h e s o l a r c e l l s and c i r c u i t r y , and ( 2 ) a mast t o p r o v i d e o n -o r b i t deployment o f t h e s o l a r a r r a y b l a n k e t s w h i l e m a i n t a i ni n g b l a n k e t s t r u c t u r a l support and r i g i d i t y when extended E l l . The mast s t r u ct u r a l elements a r e f i b e r g l a s s -e p o x y longerons which r u n t h e l e n g t h o f t h e s t r u c t u r e and c o i l i n t o a c a n i s t e r when t h e mast i s r e t r a c t e d . A complete d e s c r i p t i o n o f t h e mast and i t s r e l a t i o n t o t h e s o l a r a r r a y assembly i s g i v e n i n r e f e r e n c e 2.
Since t h e f i b e r g l a s s -e p o x y mast w i l l be exposed t o t h e low E a r t h o r b i t a l (LEO) environment; i t must be r e s i s t a n t t o a t t a c k by atomic oxygen which i s t h e most predominant species from 180 t o 650 km a l t i t u d e C31. The mechanism o f degradation i s b e l i e v e d t o be t h e b r e a k i n g o f chemical bonds such as C-C through impact w i t h e n e r g e t i c (4.2 t o 4.6 eV) C51 atomic oxygen which w i l l subsequently a l l o w t h e s u r f a c e t o be o x i d i z e d C41. Many m a t e r i a l s , i n c l u d i n g epoxy, a r e s u s c e p t i b l e t o d e g r a d a t i o n by atomic oxygen [ S I . I n a d d i t i o n t o atomic oxygen, t h e mast as w e l l as any p r o t e c t i o n technique must be a b l e t o s u r v i v e o t h e r environmental hazards i n c l u d i n g thermal c y c l i n g C61, u l t r a v i o l e t r a d i a t i o n C61, and impact from micrometeoroids and d e b r i s C71.
This paper discusses r e s u l t s from a t e s t program to determine whether f i b e r g l a s s -e p o x y longerons need t o be p r o t e c t e d and how w e l l some Candidate p r o t e c t i o n techniques f u n c t i o n i n t h e LEO environment. samples were f i r s t dehydrated t o remove water and absorbed gases t h a t c o u l d i n t r o d u c e e r r o r i n t o mass measurements. Samples were then exposed t o atomic oxygen i n an RF plasma asher f o l l o w e d by thermal c y c l i n g , f l e x i n g , and f u r t h e r atomic oxygen exposure. These t e s t s were performed s e q u e n t i a l l y i n o r d e r t o s i m u l a t e t h e environment t h a t t h e space s t a t i o n w i l l experience. Thermal c y c l i n g and f l e x i n g f o l l o w e d atomic oxygen exposure i n o r d e r t o determine i f areas a f f e c t e d by atomic oxygen would be more l i k e l y t o f a i l when b e i n g thermal c y c l e d or f l e x e d . o r d e r t o make any d e f e c t s produced d u r i n g thermal c y c l i n g or f l e x i n g more pronounced and t o look for s y n e r g i s t i c e f f e c t s . Samples were c h a r a c t e r i z e d b y mass measurements and scanning e l e c t r o n microscopy.
I n t h i s t e s t program,
The atomic oxygen exposure f o l l o w i n g t h i s was performed i n APPARATUS AND PROCEDURE Longerons, P r o t e c t i v e Coatings, and P r o t e c t i v e Coverings
The f i berg1 ass-epoxy longerons suppl i ed by AEC Abel Engineering t h a t were used i n these t e s t s had r e c t a n g u l a r cross s e c t i o n s o f 0.64 by 0.74 cm w i t h rounded edges and l e n g t h s of 12.7 cm. amine cured epoxy r e s i n by weight; the remainder was composed o f S-2 g l a s s f i b e r s . 
D e h y d r a t i o n and Rehydration
The amount o f water absorbed depends g r e a t l y on t h e h u m i d i t y o f t h e environment. s t r i c t h u m i d i t y c o n t r o l l e d environment i s n o t maintained, l a r g e e r r o r s i n measured mass l o s s can o c c u r . If a m a t e r i a l can be f u l l y dehydrated and then weighed, t h e error due t o water uptake can be e l iminated. I t i s n o t a1 ways p o s s i b l e t o p e r f o r m i n -s i t u mass measurements, however, so an a c c u r a t e determin a t i o n of t h e t i m e needed t o dehydrate a sample and a d e t e r m i n a t i o n o f t h e r a t e a t which i t absorbs water upon removal from vacuum i s needed.
Many p o l y m e r i c m a t e r i a l s absorb water from t h e atmosphere.
I f a v e r y Dehydration was performed i n a vacuum r a n g i n g from 30 to 70 pm o f Hg.
Samples were weighed a t atmospheric c o n d i t i o n s b e f o r e and a t s e l e c t e d i n t e r v a l s a f t e r b e i n g placed i n vacuum, then r e t u r n e d t o vacuum w i t h i n 3 min t o minimize t h e t i m e t h e y w e r e exposed t o t h e atmosphere. v a r i e d depending on t h e longeron p r o t e c t i o n technique. The percentage o f mass l o s t versus t i m e for p r o t e c t e d and u n p r o t e c t e d longerons i s shown i n f i g u r e 1 .
T y p i c a l l y , 5 days i n vacuum i s needed for u n p r o t e c t e d f i b e r g l a s s -e p o x y to reach e q u i l i b r i u m . The r a t e of r e h y d r a t i o n was e v a l u a t e d by m o n i t o r i n g t h e mass o f m c ' s t u r e uptake i n f u l l y dehydrated samples which were exposed t o atmospheric The t i m e to reach e q u i l i b r i u m pressure i n an environment w i t h h u m i d i t i e s r a n g i n g from 20 t o 70 p e r c e n t . A f t e r several days o f atmospheric exposure, t h e mass g a i n due t o r e h y d r a t i o n i s dependent upon t h e h u m i d i t y of t h e environment, w h i l e t h e mass g a i n f o r s h o r t ( l e s s than or equal t o 3 min) exposures i s n e a r l y f i x e d . I f a sample can be removed r a p i d l y from vacuum and weighed e a r l y enough t o minimize t h e e f f e c t s o f h u m i d i t y , then an a c c u r a t e mass measurement can be made. T y p i c a l l y , 5 min was found t o be a reasonable l i m i t t o t h e t i m e t h a t t h e samples c o u l d be exposed a t atmospheric pressure.
Atomic Oxygen Durabi 11 t y T e s t i n g Atomic oxygen d u r a b i l i t y t e s t i n g was performed i n an RF (13.56 MHz) a i r plasma asher (SPI Plasma Prep 11). Samples were exposed d i r e c t l y i n t h e plasma w i t h t y p i c a l pressures o f 50 t o 120 pm. The plasma i n t h e asher c o n t a i n s atomi c oxygen and n i t r o g e n i n v a r i o u s energy s t a t e s and l e v e l s o f i o n i z a t i o n . Even though t h e r e i s m a i n l y n i t r o g e n i n t h e plasma, t h e r e a c t i n g specie appears t o Thermal Cycl i n g thermal expansion mismatch between t h e p r o t e c t i v e c o a t i n g s or coverings and t h e f i b e r g l a s s -e p o x y would p l a y any r o l e i n t h e a b i l i t y of t h e p r o t e c t i v e l a y e r t o adhere t o t h e s u b s t r a t e . Thermal c y c l i ng was performed a t atmospheri c pressure by c y c l i n g samples between a n i t r o g e n gas f i l l e d chamber heated w i t h c o i l s and a chamber f i l l e d w i t h c o l d n i t r o g e n gas. Samples were t r a n s f e r r e d between t h e two chambers u s i n g a l e v e r arm assembly t h a t was t r i g g e r e d by a thermocouple mounted on t h e sample t r a y . For these t e s t s , t h e thermocouple was p l a c e d i n s i d e one of t h e longerons by d r i l l i n g a h o l e down t h e c e n t e r of t h e longeron t h a t was j u s t l a r g e enough f o r t h e thermocouple w i r e t o e n t e r . Samples were moved from one chamber t o t h e n e x t when t h e temperature a
s t i n g was performed i n o r d e r t o s i m u l a t e t h e e x t e n s i o n and r e t r a c t i o n of t h e mast f r o m t h e mast c a n i s t e r . D u r i n g storage, t h e longerons a r e c o i l e d i n t o a c a n i s t e r whose t y p i c a l diameter i s 66 cm. Longeron samples, b o t h p r o t e c t e d and u n p r o t e c t e d , were f l e x e d and then s t r a i g h t e n e d w i t h t h e a i d o f a clamping f i x t u r e to t h e r a d i u s of c u r v a t u r e t h e y would experience i n t h e c a n i s t e r f o r a t o t a l of 100 c y c l e s . This corresponds t o a s u r f a c e s t r a i n per c y c l e of 0 t o a p p r o x i m a t e l y 1 p e r c e n t . The mast e x t e n s i o n and r e t r a c t i o n may o c c u r o n l y 10 t o 20 times d u r i n g t h e l i f e o f t h e space s t a t i o n , so t h i s i s a more severe t e s t o f t h e mast f l e x u r a l d u r a b i l i t y .

RESULTS AND DISCUSSION
D u r a b i l i t y T e s t i n g o f Unprotected Fiberglass-Epoxy
Unprotected longerons were exposed t o atomic oxygen i n a plasma asher for 1747 h r . F i g u r e 2 d i s p l a y s t h e mass loss versus plasma exposure t i m e for two longerons which were exposed i n t h e asher chamber s i m u l t a n e o u s l y b u t a t d i f f e re n t s p a t i a l l o c a t i o n s . A sample o f p o l y i m i d e KaptonO was i n c l u d e d f o r comparison. The longeron d a t a agree w e l l w i t h each o t h e r and w i t h o t h e r longeron mass loss data.
I t was i n i t i a l l y b e l i e v e d t h a t s i n c e t h e o x i d a t i o n r a t e o f g l a s s i s v e r y low, w h i l e t h a t o f epoxy i s r e l a t i v e l y h i g h as observed on STS-8 [SI, t h a t t h e o u t e r l a y e r o f epoxy would be removed b u t t h e u n d e r l y i n g f i b e r s would prov i d e a b a r r i e r t o f u r t h q r o x i d a t i o n by p r e v e n t i n g l i n e -o f -s i t e o x i d a t i o n o f
t h e r e m a i n i n g epoxy. The r e s u l t s seem t o i n d i c a t e t h a t epoxy c o n t i n u e s t o be removed a t a c o n s t a n t r a t e even a f t e r t h e o u t e r surface o f epoxy i s no l o n g e r p r e s e n t . The change i n mass loss r a t e t h a t occurs a t a p p r o x i m a t e l y 200 h r for these samples ( f i g u r e 2) i s unique t o t h e fiberglass-epoxy longerons. The KaptonO loss r a t e remained c o n s t a n t d u r i n g t h i s time, which i n d i c a t e s t h a t t h e change i n mass loss r a t e i s n o t due t o any changes i n t h e plasma c o n d i t i o n s .
I t i s p r o b a b l e t h a t s i n c e t h e o u t e r surface of t h e longeron i s i n i t i a l l y comp l e t e l y covered by epoxy, t h i s l a y e r i s removed a t a h i g h e r i n i t i a l r a t e because t h e r e i s no s h i e l d i n g by t h e g l a s s f i b e r s . Once t h e f i b e r s a r e exposed, t h e r a t e d e c l i n e s t o a new c o n s t a n t which i s r e l a t e d t o t h e r e s i n f i l l percentage. Assuming t h a t a f t e r 200 h r t h e fiberglass-epoxy r a t i o f o r these samples i s equal t o t h e f i l l percentage a t t h e s u r f a c e and t h e f i b e rg l a s s does n o t lose mass, t h e c a l c u l a t e d r a t e of epoxy removal a f t e r 200 h r n e a r l y matches t h e i n i t i a l epoxy loss r a t e . This s t r o n g l y suggests t h a t t h e change i n slope i s due t o a change i n t h e amount of epoxy exposed and n o t t h e o x i d a t i o n r a t e . Perhaps t h e most a l a r m i n g r e s u l t i s t h a t t h e f i b e r g l a s s does n o t a f f o r d any atomic oxygen s h i e l d i n g of t h e deep, v i s u a l l y hidden, underl y i n g epoxy.
Over the space s t a t i o n a r r a y l i f e t i m e of 15 years, which corresponds t o a p p r o x i m a t e l y 390 h r of exposure i n t h e asher plasma, t h e mass t h a t i s l o s t i s n o t l a r g e enough to cause a s i g n i f i c a n t change i n t h e t e n s i l e modulus o f t h e f i b e r g l a s s -e p o x y [ 2 1 . sure which corresponds 2 t o 8 years i n space s t a t i o n o r b i t , i n d i v i d u a l g l a s s f i b e r s a r e a l r e a d y b e i n g exposed ( f i g u r e 3). and can break off due t o f l e x u r e . T h i s may l e a d to c o n t a m i n a t i o n problems f o r space s t a t i o n components and c o u l d cause d i f f i c u l t y i n mast r e t r a c t i o n i f t h e f r i a b l e , loose g l a s s f i b e r s g e t i n t o t h e r o l l e r s or t r a c k and c r e a t e f r i c t i o n i n t h e e x t e n s i o n , and r e t r a c t i o n mechanism. F i g u r e 4 shows a f i b e r g l a s s epoxy longeron t h a t was unexposed and one t h a t was exposed f o r 1747 h r . This i l l u st r a t e s t h e e x t e n t o f epoxy removal and f i b e r exposure t h a t can o c c u r . The e x t e n t o f f i b e r removal i s s e r i o u s enough t h a t t h e a p p l i c a t i o n o f some p r o t e ct i v e c o v e r i n g or c o a t i n g t o t h e f i b e r g l a s s -e p o x y i s needed t o keep t h e f i b e r s from l e a v i n g t h e s u r f a c e . The p r o t e c t i o n r e q u i r e d must a l s o be a b l e t o surv i v e t h e s u r f a c e s t r a i n l e v e l s ( E = 1 p e r c e n t ) experienced by t h e r e t r a c t e d Although an open aluminum b r a i d p r o v i d e s some i n i t i a l p r o t e c t i o n t o t h e f i b e r g l a s s -e p o x y , i t begins t o l o s e mass a t t h e same r a t e as t h e u n p r o t e c t e d sample a f t e r a p p r o x i m a t e l y 24 h r i n t h e plasma. The CV-1144 s i l i c o n e p a i n t p r o v i d e d good i n i t i a l p r o t e c t i o n t o t h e fiberglass-epoxy longeron. A f t e r 100 h r , however, t h e r e appeared t o be areas i n t h e p a i n t e d s u r f a c e where t h e p a i n t had been removed and i n d i v i d u a l f i b e r s were b e g i n n i n g to become v i s i b l e . The In-Sn e u t e c t i c c o a t i n g appeared t o p r o v i d e t h e b e s t i n i t i a l p r o t e c t i o n to t h e longeron f o r t h e c o a t i n g s and coverings e v a l u a t e d t o date.
A f t e r atomic oxygen exposure, t h e In-Sn e u t e c t i c coated longeron and t h e u n p r o t e c t e d longeron were thermal c y c l e d and f l e x e d . The same t e s t i n g w i l l be performed w i t h t h e A1 b r a i d and CV-1144 coated longerons a t a l a t e r date. Mass loss versus atomic oxygen exposure time a f t e r thermal c y c l i n g , f l e x i n g f o r t h e unprotected, and In-Sn e u t e c t i c p r o t e c t e d longerons i s g i v e n i n f i g u r e 6. The u n p r o t e c t e d sample l o s t mass a t a p p r o x i m a t e l y t h e same r a t e as discussed p r e v io u s l y , w h i l e t h e In-Sn e u t e c t i c coated f i b e r g l a s s -e p o x y mass 1,oss increased a f t e r approximately 150 t o t a l hours o f plasma exposure. P r e l i h i n a r y r e s u l t s i n d i c a t e t h a t f l e x i n g o f t h e In-Sn e u t e c t i c coated longeron may produce cracks i n t h e c o a t i n g which c o u l d a l l o w exposure of t h e u n d e r l y i n g s u r f a c e t o atomic oxygen. Even though some mass loss occurs, t h e c o a t i n g appears t o be i n t a c t on t h e surface and no i n d i v i d u a l f i b e r s were v i s i b l e a f t e r 200 h r t o t a l of plasma exposure.
CONCLUSIONS
Fiberglass-epoxy longerons undergo mass loss upon exposure t o atomic oxygen. Even though t h e mass loss i s n o t s i g n i f i c a n t o v e r t h e l i f e o f space s t a t i o n from a s t r u c t u r a l s t a n d p o i n t , t h e removal o f epoxy to expose b r i t t l e g l a s s f i b e r s which can break o f f d u r i n g h a n d l i n g or e x t e n s i o n and r e t r a c t i o n o f t h e mast c o u l d be a s i g n i f i c a n t concern. Of t h e t h r e e p r o t e c t i v e c o a t i n g s or coverings evaluated, open aluminum b r a i d p r o v i d e s l i t t l e p r o t e c t i o n , CV-1144 s i l i c o n e p a i n t offers some i n i t i a l p r o t e c t i o n a g a i n s t atomic oxygen, and t h e In-Sn e u t e c t i c c o a t i n g p r o v i d e s i n i t i a l p r o t e c t i o n a g a i n s t atomic oxygen, hut appears t o develop cracks which a c c e l e r a t e d e g r a d a t i o n by atomic oxygen when f 1 exed. P r o v i d i n g a c o a t i n g which can c o n t a i n t h e f i b e r g l a s s f i b e r s may be more i m p o r t a n t than p r e v e n t i n g mass loss for t h i s composite. v i v e atomic oxygen exposure, thermal c y c l i n g , and f l e x i n g t o t h e e x t e n t t h a t an adherent l a y e r i s m a i n t a i n e d o v e r t h e longeron which p r e v e n t s f i b e r g l a s s f i b e r s f r o m b r e a k i n g o f f , i t may be adequate. I t appears t h a t t h e In-Sn eutect i c and p o s s i b l y t h e CV-1144 s i l i c o n e may p r o v i d e t h i s t y p e o f p r o t e c t i o n . More t e s t i n g needs t o be performed i n o r d e r t o determlne i f c o a t i n g s o f t h e t y p e e v a l u a t e d here can w i t h s t a n d UV degradation, micrometeoroid exposure, and an atomic oxygen exposure e q u i v a l e n t t o 15 years i n LEO. 
